Nicotine exposure in adolescence produces lasting changes in subsequent behavioral responses to addictive agents. We gave nicotine to adolescent rats (postnatal days PN30-47), simulating plasma levels in smokers, and then examined the subsequent effects of nicotine given again in adulthood (PN90-107), focusing on cerebrocortical serotonin levels and utilization (turnover) as an index of presynaptic activity of circuits involved in emotional state. Our evaluations encompassed responses during the period of adult nicotine treatment (PN105) and withdrawal (PN110, PN120, PN130), as well as long-term changes (PN180). In males, prior exposure to nicotine in adolescence greatly augmented the increase in serotonin turnover evoked by nicotine given in adulthood, an interaction that was further exacerbated during withdrawal. The effect was sufficiently large that it led to significant depletion of serotonin stores, an effect that was not seen with nicotine given alone in either adolescence or adulthood. In females, adolescent nicotine exposure blunted or delayed the spike in serotonin turnover evoked by withdrawal from adult nicotine treatment, a totally different effect from the interaction seen in males. Combined with earlier work showing persistent dysregulation of serotonin receptor expression and receptor coupling, the present results indicate that adolescent nicotine exposure reprograms future responses of 5HT systems to nicotine, changes that may contribute to life-long vulnerability to relapse and re-addiction.
Introduction
The standard view of developmental neurotoxicity is that the immature brain is more susceptible to damage by neuroactive drugs and chemicals because it is in the process of forming structures and circuits (Barone et al., 2000; Cuomo, 1987; Grandjean and Landrigan, 2006) . Yet, at the same time, the heightened plasticity of the developing brain allows it to offset damage more readily than in the mature brain, in part because of the ability to generate new neurons. This explains why, in some circumstances, normal function can be maintained even after extreme damage early in life (Lorber, 1981; Priestley and Lorber, 1981) . Likewise, it clarifies why adverse neurodevelopmental effects of maternal cigarette smoking tend to be greater than those from cocaine; cocaine is used in discrete episodes, allowing for recovery and neuroregeneration in between exposures, whereas fetal nicotine exposure from cigarette use is Abbreviations: 5HIAA, 5-hydroxyindoleacetic acid; 5HT, 5-hydroxytryptamine serotonin; ANOVA, analysis of variance; PN, postnatal day.
* sustained throughout pregnancy (Coles, 1993; Slotkin, 1998) . Neural plasticity in the immature brain is highly influenced by patterns of synaptic activity because neurotransmitters act as morphogens, controlling neuronal cell replication, differentiation and circuit formation (Dreyfus, 1998; Lauder, 1985; Whitaker-Azmitia, 1991) . For normal development to proceed, synaptic stimulation has to follow discrete spatial and temporal patterns, with a specified level of signal intensity (Slotkin, 2004 (Slotkin, , 2008 ). Yet, it is this aspect that leaves the brain vulnerable to neuroactive drugs and chemicals that disrupt brain development, not by causing outright damage, but rather by disrupting the spatiotemporal organization of neurotransmitter signals, leading to abnormalities at the functional, rather than the gross structural level, essentially "plasticity gone awry." It is now evident that the development and programming of synaptic circuits continues into adolescence, well past the completion of gross brain structure (Rakic et al., 1994; Slotkin, 2002 Slotkin, , 2008 Spear, 2000; Walker et al., 1999) . This is especially important in light of the fact that adolescence is the likely point for initiation of cigarette smoking. Studies over the past few years show that the adolescent brain is much more responsive to nicotine than the adult with regard to both synaptic and behavioral responses (Adriani et al., 2003 (Adriani et al., , 2004 Faraday et al., 2001 Faraday et al., , 2003 Klein, 2001; Levin, 1999; Slawecki and Ehlers, 2002; Slawecki et al., 2003; 2002 , 2008 Trauth et al., 2000b) . More importantly, in smokers, adolescent nicotine exposure promotes future addiction liability and reduces the likelihood of being able to quit (Chen and Millar, 1998) . In fact, nicotine exposure in adolescence affects the subsequent adult responses to a wide variety of other addictive drugs (Adriani et al., 2006; Bracken et al., 2011; Hutchison and Riley, 2008; Imad Damaj et al., 2009; Kelley and Middaugh, 1999; Klein, 2001; Marco et al., 2006; Rinker et al., 2011; Santos et al., 2009 ). In our earlier work, we explored some of the mechanisms underlying this reprogramming and found major contributions from effects on cerebrocortical serotonergic (5HT) pathways involved in emotional behaviors (Slotkin, 2002; Slotkin et al., 2006 Slotkin et al., , 2007a Seidler, 2007, 2009; Xu et al., 2001 Xu et al., , 2002 . This is particularly important in light of the close connection between tobacco addiction and depressive disorders: adolescent tobacco use is highly correlated with depression (Goodman and Capitman, 2000; Patten et al., 2000; Wu and Anthony, 1999) , and depressive symptoms exacerbated by nicotine withdrawal contribute to the failure of therapies for smoking cessation (Colby et al., 2000; Salin-Pascual et al., 1995; Tsoh et al., 2000) , especially in adolescent smokers (Colby et al., 2000; Hurt et al., 2000) . Our findings identified essentially permanent changes in the expression of 5HT receptors associated with depression, as well as the 5HT transporter, which is the major target for antidepressant therapy (Slotkin et al., 2006 (Slotkin et al., , 2007a Slotkin and Seidler, 2009; Xu et al., 2001 Xu et al., , 2002 ; further, we showed that adolescent nicotine exposure altered the responses of these synaptic proteins to nicotine given subsequently in adulthood (Slotkin and Seidler, 2009) .
The changes in receptor or transporter expression evoked by adolescent nicotine treatment can represent primary reprogramming of synaptic function, or alternatively could be adaptive responses to underlying defects in presynaptic activity; for example, receptor upregulation could be compensatory for a reduction in presynaptic input, essentially restoring synaptic function to normal. In the current study, we resolved this issue by monitoring 5HT levels and utilization (turnover) so as to assess presynaptic activity. We contrasted the effects of adolescent nicotine treatment with those obtained for nicotine in adulthood, and then evaluated how adolescent exposure reprograms the response to subsequent adult nicotine treatment.
Materials and methods

Animals and nicotine treatments
All procedures utilized tissues that were archived from earlier studies and maintained frozen at −45 • C, so that no additional animals were actually used for this study. Details of animal husbandry, institutional approvals, maternal and litter characteristics, and growth curves, have all been presented in earlier work from the original animal cohorts (Slotkin et al., 2008a, b; Slotkin and Seidler, 2009 ). Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC) were housed individually and allowed free access to food and water. There were four treatment groups (shown schematically in Fig. 1 ): controls (adolescent vehicle + adult vehicle), adolescent nicotine treatment (adolescent nicotine + adult vehicle), adult nicotine administration (adolescent vehicle + adult nicotine), and those receiving the combined treatment (adolescent nicotine + adult nicotine). On postnatal day (PN) 30, each rat was quickly anesthetized with ether, a 2 cm × 2 cm area on the back was shaved, and an incision was made to permit subcutaneous insertion of a type 1002 Alzet osmotic minipump (Durect Corp., Cupertino, CA). Pumps were prepared with nicotine bitartrate (Sigma Chemical Co., St. Louis, MO) dissolved in bacteriostatic water (Abbott Laboratories, N. Chicago, IL), to deliver an initial dose rate of 6 mg/kg of nicotine (calculated as free base) per day. The incision was closed with wound clips and the animals were permitted to recover in their home cages. Control animals were implanted with minipumps containing only the water and an equivalent concentration of sodium bitartrate. It should be noted that the pump, marketed as a 2-week infusion device, actually takes 17.5 days to be exhausted completely (information supplied by the manufacturer) and thus the nicotine infusion terminates during PN47; we have confirmed exhaustion of the pumps at the predicted time by direct measurement of plasma nicotine and cotinine levels (Trauth et al., 2000a) . Plasma nicotine levels achieved with this administration model resemble those seen in typical smokers (25 ng/ml) as characterized previously (Trauth et al., 2000a) .
On PN90, each animal was then implanted with a type 2ML2 minipump as already described, again set to deliver either vehicle or nicotine at an initial dose rate of 6 mg/kg per day, with the infusion terminating during PN107. Studies were conducted at four time points, one during adult nicotine administration (PN105), three during the posttreatment withdrawal period (PN110, PN120, PN130) and a final determination at six months of age (PN180). Animals were decapitated and the cerebral cortex was dissected (Slotkin et al., 2007a) , frozen in liquid nitrogen, and stored at −45 • C until assayed. For each treatment group, 12 animals were examined at each age point, equally divided into males and females.
5HT concentration and turnover
Tissues were thawed and homogenized in ice-cold 0.1 M perchloric acid and sedimented for 20 min at 40,000 × g. The supernatant solution was collected and aliquots were used for analysis of 5HT and 5-hydroxyindoleacetic acid (5HIAA) by high-performance liquid chromatography with electrochemical detection (Xu et al., 2001) . Concurrently-run standards were used to calculate the regional concentrations. Transmitter turnover was calculated as the 5HIAA/5HT ratio.
Data analysis
To avoid type I statistical errors that might result from repeated testing of the global data set, we first performed a global ANOVA, incorporating all the variables (adolescent treatment, adult treatment, age, sex) and both dependent measures (5HT concentration and turnover), considered as repeated measures because both values arise from the same samples); data were log-transformed because of heterogeneous variance between the two dependent measures. Lower-order ANOVAs were then run according to the main treatment effects and interactions of treatment with the other variables. Where appropriate, this was followed by post hoc comparisons of treatment groups, using Fisher's Protected Least Significant Difference; however, where treatment effects did not interact with other variables only the main effect was recorded without testing of individual differences. Significance was assumed at the level of p < 0.05.
Data are presented as means and standard errors. To facilitate comparisons, the effects of adult nicotine administration and withdrawal are shown as the percentage change from the corresponding basal values (i.e. values for the control group or adolescent nicotine alone), but statistical comparisons were made on the original data, which are given in Table 1 .
Results
The global, repeated-measures ANOVA incorporating all factors (adolescent treatment, adult treatment, sex, age) and both dependent measures (5HT concentration, 5HT turnover) confirmed that adolescent nicotine changed the response to nicotine administered in adulthood, and further, that the interaction was sexand age-selective, and differed between the two dependent measures: p < 0.05 for adolescent nicotine × adult nicotine × sex × age, p < 0.05 for adolescent nicotine × adult nicotine × measure. In addition, the effects of adult nicotine administration by itself showed the same interactions with sex and age: p < 0.05 for adult nicotine × sex × age, p < 0.0002 for adult nicotine × measure, p < 0.05 for adult nicotine × sex × measure. Accordingly, we then performed separate analyses for 5HT concentration and turnover, evaluating the effects of adult nicotine administration with and without the prior adolescent nicotine treatment. We calculated the results first as "basal values," representing the longitudinal effects of adolescent nicotine administration followed by vehicle in adulthood; then we determined the changes caused by nicotine given in adulthood, as a percentage of the basal values for the respective pretreatment group (adolescent vehicle, adolescent nicotine). By itself, adolescent nicotine treatment evoked no significant changes in 5HT levels or turnover in adult throughout the course of PN105 to PN180 (Fig. 2) . When nicotine was given in adulthood (PN90 to PN107), animals that had not received prior exposure in adolescence showed little or no effect on the cerebrocortical 5HT concentration either during treatment or withdrawal (Fig. 3A) . In contrast, males who had been exposed to nicotine in adolescence showed a profound decrement in 5HT concentration triggered by withdrawal from adult nicotine treatment, an effect that was not seen in females. Levels returned to normal between PN130 and PN180.
Likewise, prior adolescent nicotine exposure had a major effect on the response of 5HT turnover to adult nicotine treatment and withdrawal (Fig. 3B) . Adult males who received vehicle in adolescence showed a small, but significant overall increase in 5HT turnover when compared to basal values (main treatment effect, p < 0.04), both during nicotine treatment and in withdrawal. These increases were greatly augmented in males who had received prior adolescent nicotine exposure (main treatment effect, p < 0.008 comparing adolescent nicotine + adult nicotine group to the adolescent vehicle + adult nicotine group). Furthermore, there was a significant change in time course of effect (age interaction, p < 0.01), characterized by a large increase in turnover during late stages of withdrawal (PN120, PN130) that subsided by PN180. In females receiving just the adult nicotine treatment, there was an increase in 5HT turnover triggered by withdrawal (adult nicotine × age interaction compared to basal values, p < 0.05; individually significant on PN110, p < 0.003). In females who received prior adolescent nicotine exposure the withdrawal-induced peak was blunted and displaced to later times (PN120, PN130).
Nicotine treatment had a small, but statistically significant effect on body weights (data not shown). By itself, adolescent nicotine evoked an average 3% reduction (p < 0.05 for the main treatment effect), without interactions of treatment with age or sex, and a similar result was obtained with adult nicotine alone (average 3% reduction, p < 0.05 for the main treatment effect, no interaction with age or sex). Animals receiving nicotine both in adolescence and adulthood showed an average 6% weight deficit (p < 0.0002 for the main treatment effect, no interaction with age or sex), representing additive effects of the two individual treatments (no interaction of adolescent nicotine × adult nicotine). There were no significant differences in cerebral cortex weight for any of the treatments (data not shown).
Discussion
Our findings support the view that nicotine exposure in adolescence reprograms the response to subsequent exposure to nicotine in adulthood, and further, that this effect is strongly sex-selective. In our earlier work, we found that in males, adolescent nicotine administration augments the expression of 5HT receptors, an effect that emerges in young adulthood and then persists long-term (Slotkin and Seidler, 2009 ). Ordinarily, receptor upregulation is a compensatory response to reduced presynaptic input; however, in the present study, we found that neurotransmitter utilization, monitored by 5HT turnover, was largely unchanged over the same period in animals that had received just the adolescent treatment. Accordingly, the net effect (unchanged presynaptic activity but increased receptor levels) is augmented 5HT synaptic function, lasting months after discontinuing adolescent nicotine treatment. In females, adolescent nicotine produces the opposite effect on receptors, characterized by deficits that emerge in young adulthood (Slotkin and Seidler, 2009 ); again, we did not find this change to be associated with any significant change in 5HT turnover, so for females, the net effect is a persistent reduction in synaptic communication. In either situation, then, overall 5HT function does not return to normal after adolescent nicotine exposure, but rather, changes persist well beyond the immediate effects of nicotine administration and withdrawal. Thus, our results suggest that nicotine dependence permanently reprograms 5HT neural circuitry so that the restoration of normal behavioral function after discontinuing nicotine treatment does not actually connote a return to the pre-exposure state. This interpretation is consistent with the "sensitizationhomeostasis" model of addiction, which predicts that long-term changes in synaptic function leave the brain susceptible to subsequent readdiction, thus accounting for the high likelihood of relapse (DiFranza and Wellman, 2005) .
Reprogramming of 5HT synaptic function by adolescent nicotine treatment was even more evident when we challenged the animals with nicotine in adulthood. In males who had received prior nicotine treatment in adolescence, adult nicotine administration produced a much greater increase in 5HT turnover, an effect that was exacerbated even further after initiating withdrawal. In fact, the enhanced utilization was so large that it produced depletion of neurotransmitter stores, leading to significant reductions in the 5HT concentration. The evidence for reprogramming is reinforced by our prior results for 5HT receptors (Slotkin and Seidler, 2009) ; rather than showing the expected downregulation in response to presynaptic hyperactivity, males given adolescent nicotine display increases in receptor binding after adult nicotine administration, further augmenting the consequences of presynaptic overstimulation. The question remains, though as to what triggers this change in presynaptic-postsynaptic response coupling. There are two likely possibilities. First, there could be physical miswiring of 5HT synapses, i.e. 5HT neurons may not be properly juxtaposed to cells with the receptors. Indeed, adolescent nicotine produces permanent changes in dendritic morphology (McDonald et al., 2005) . Alternatively, there could be deficits in post-receptor coupling (Slotkin et al., 2008b) . Notwithstanding whether these mechanisms underlie the observed changes in the parameters of 5HT synaptic function, the expectation is that behavioral consequences linked to 5HT systems will be substantially worsened when nicotine administration in adulthood is preceded by prior exposure in adolescence.
Our results also indicate that, even in animals given nicotine only in adulthood, there are important sex differences in 5HT synaptic activity. Overall, males showed a persistent elevation of 5HT turnover that did not resolve even by PN180. This is especially interesting because 5HT receptor upregulation also emerges over this long time-span, instead of the compensatory downregulation that would be expected as an adaptation to increased neurotransmitter release (Slotkin et al., 2007b; Slotkin and Seidler, 2009 ). Presynaptic overstimulation, combined with receptor upregulation, indicates a sustained state of 5HT hyperresponsiveness, providing a biologic basis for the sensitization-homeostasis model and for sustained vulnerability to relapse (DiFranza and Wellman, 2005) . A second sex difference seen in adults given nicotine was that females, but not males, showed a substantial rise in 5HT turnover in the first few days after discontinuing nicotine treatment. Given the known roles of 5HT in emotional state and anxiety, these differences may contribute to the fact that, in smokers, females show a greater depressive component during withdrawal, contributing to relapse (Nakajima and al'Absi, 2012; Pomerleau et al., 2005) . In turn, this would indicate that smoking cessation strategies in females could benefit from pharmacologic interventions centering around 5HT and its role in depression and anxiety. Interestingly, prior nicotine exposure in adolescence blunted or delayed the withdrawal-induced spike in 5HT turnover seen in females; this suggests that emotional responses to nicotine withdrawal in adulthood are likely to differ in females who had prior nicotine exposure in adolescence. Finally, although our work focused on cerebrocortical 5HT pathways, there is every reason to suspect that reprogramming of responses involves other brain regions and neurotransmitters involved in addiction, reward and emotional state. Adolescent nicotine treatment evokes late-emerging suppression of both striatal dopaminergic activity and noradrenergic responsiveness in the hippocampus and other regions (Trauth et al., 2001) . Furthermore, there are persistent effects of adolescent nicotine, adult nicotine, or combined exposure, on cholinergic pathways in multiple brain regions, including those involved in learning and memory, reward and emotion (Abreu-Villaç a et al., 2003; Slotkin et al., 2008a) . Accordingly, it is highly likely that these additional targets compound the impact of adolescent and adult nicotine exposure on the cerebrocortical 5HT systems evaluated in the current study.
Although it would be difficult to ascribe specific functional outcomes to each individual pathway, these results all point to major reprogramming of neural circuits by adolescent nicotine that converge on the many behaviors that contribute to the establishment, maintenance and persistence of addiction. It would be clearly useful to pursue whether smoking cessation therapies might benefit from antidepressants targeting different neurotransmitters (e.g. bupropion for dopaminergic systems, venlafaxine for noradrenergic systems), alone or in combination with more commonly-used, serotonin-specific reuptake inhibitors.
In summary, the present work reinforces the concept that nicotine has unique effects in adolescence, leading to lasting, potentially permanent, changes in 5HT synaptic function that are likely to contribute to responses to other addictive drugs (Adriani et al., 2006; Bracken et al., 2011; Hutchison and Riley, 2008; Imad Damaj et al., 2009; Kelley and Middaugh, 1999; Klein, 2001; Marco et al., 2006; Rinker et al., 2011; Santos et al., 2009 ). Our results also provide a proof-of-principle that the period in which synaptic plasticity can reprogram drug responses extends well beyond fetal or neonatal stages, so that the entire framework of what constitutes "developmental neurotoxicity" needs to be expanded. Specifically, as shown here, prior exposure to nicotine in adolescence augments the effects of nicotine administration and withdrawal in adulthood, both for 5HT systems (as seen here) as well as for other neurotransmitter circuits (Slotkin et al., 2008a) . These changes may contribute to life-long vulnerability to relapse and re-addiction. 
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